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ABSTRACT

.

The objective of this research prozram was to 1nvost1~ate tho
ncchanism and consequences of the Iretting fatizue oncnorenon‘* The
experimental prosram was designed to explore thc effectivencss of
shot-pecning and cold-rollin: on fretting fatirue damage, establish
the Prot 1"ela’cnonsﬂp Tor ml—lhO-« titanium alloy, compare the
endurance limits ol two hcats of titanivii vith the same nominal '
specifications, investizate frett mb specd cffects, periorn uicroscopic
studies of irct ed specinmens, and survey the literature in the ficld
of fretting fatisue,

It was found tnat, while severe shot-pecning is an cifrective
fretting fatizuc inhibitor, severc coli-rollin; is a better way of
inhibiting both fretting wear and fretting fatigue. It was found
that the Prot mcthod of endurancc limit detcrmination is valid for
Ti~lli0-A titanium alloy, It was Lfowund that a signilicani difference
in endurancce limit existed betwecn iwe heats of titanium with the
same nominal compeosition, The speed of fretting has a oronounced
effect on endurancce limit. Many minute fatipue cracks vere observed
in the fretted area of a large nunber ol specimens. The mechanisn
of fretting may be a cormbination of »it-di--ing and asperity-contact
fatipue. Construction of a machine is orovosed to study the phenomenon
of fretting to determine which of the Wwio rnechanisms dominates under

various conditions,
\

\
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AN INVESTIGATION OF TH: MECHANISH OF
THE FRETTING-CORROSICN-FATIGUL PHENC!TNOH

SECTION I.

INTRCDUCTION

1.1 S3COPE CF RFPOX

This recort is the final tcchnical rcoort on Contract No. AF 33(619)-
3386, The reszarch progran for this contract has been completed. All
data collccted on this research nrozram are presented in tabular form in
the Materials Data Scction appended to this report. They are also
oresented —-rashically and are discussed in Section IV,

1.2 OBJECTIVES
The broad objectives oi this rosecarch program were:

1l. To investi:atc the mechanism and esnsequences of the frctting-
corrosion-ratisue phenomenon,

2. To conduct experinental tests to deiine statistically the
effcects of certein combinations ol varisbles in the fretting-
corrosion-fatisue orocess,

3e To cxvlore the mechanisn vherchy surface treatmuents such as
shot-peening or cold-rollin;: tend to inhibit damase,

e o explore the feasibility of usin; wire as & fretting-fatigue
resoarch tool,

5. To cmploy mathematical analysis, comprchensive literature
survey, and experimental teciinigues to ;ain a betier understanding
of the basic mechanism oi fretting fatisue.

1.3 BACKIROUND

A briefl resume of the >reblems and conZitions leading to this rescarch
procran is presented in Apoendix A of this report. This appendix: also
includes a sumuary oi the rcsearch performed on the Zrettiny uvrovlem prior
to the besinnins of the current »ro-ram, It is suzjested that, if the
results presented in this revort are to be fully understood, it would be
advisable Lo rcad-Appencii A before continuing with the remaining sections
of this renort,.




1.y MATERIALS DATA
SHECTION

Attached to this report, and designated as Appendix B, is a section
entitled "iuterials Data Sccticon", This llaterials Data Section is included
in compliance with Part I of the Scliedule to Contract No. AF 33(616)-3286.
This scction lists in tabular form all davta accurmlated on this contract,

STCTION IT

DESCRIPTION Cr XPRRIILNTAL APPATATUS

2.1 IUTROLUCTION

Several pieces of experimental rescarch cQuinment were used in
carrying out this research programn. Some of this equipment was modified
commercially available cquipment and somc was specially designed and
constructed as a nart oi the rescarch nroject. The followings paragraphs
des:ribe the major units of rosearch cquioment used in the experimental
nrograil,

To rcproduce closcly the Iratting ceaditions frow specimen te specimen,
it was neccessary to know aud sclectively control the size of the specimen
and save at the Iretting interface., It was found that accuracy in measurc-
~ment ol the order of U,0001 inch vwac desirable on hoth specimens and choes,

To measure the specincis, a precision mechanical comparator with specimen
positioning dovicls and {lexure plate measuring probe was constructed and
coupled with a very accurate dial indicator bo Jrovide the necessary
precision in ncasurcricat, This instrwaent is showm in Figure 2-1, The
fretting shocs wer. measurcd wili: a celf-centcering probe type hole gage
cmployin: @ orecision dial indicator. This instrument is shown in Figure
2-2., Topctier, tiese two iastruments rovided the desired accuracy in
aneasuring the frettia; soccimens and shoes,

2.3 SPUCT TII-rRETTING .
EQUIPLLNT

A special fretting collet was used to Hro.uce {rettin- action on the
surfaces oi tlic test speciicns. This collet, shovm in Ii-ures 2-2 and
2-3, was spoiially desined to be uscd with a standard Krousc 1500 in-1b,
rotatin; beam fatljuc-t-stin; rachine, rcnlacing one of the original
staadard collets, «#itnh this special ircttﬁna collct in oncration, the
specimen was caused to press against the freliing shoes while the entire
s;stem ol specimen, shoe, and collet rotaled as a sin~le menber, This




Y

system, shown schematically in Fipurc 2-l, resulted in small amplitude
cyclic relative motion betwecen the shoe and the spccimen because of
differential svrains of shoe and specimen as well as axial angularity
of the sprecimen centerline with respect to the shoes. This mechanism
was used to produce the fretting trcatment on all titanium specimens
used in the experimental program,

2.t PROT FATIGUE-

TESTING ‘EQUIPMENT

Three 1500 in-lb, Krouse rotating—cantilever-beam fatisue-testing
machines werc used to periorm all of the Prot endurance tests in this
research program, A specilal Prot attaciment consisting of a change
gear ovox, flexible cable, and lead screw mechanism was incornorated
into ecach Krouse rotating beam machine, This iwdification is shown
schematically in Fipure 2-5. With this modification the Krouse wachines
werc capable of continuously increasinz the stress at a constant rate
per cyclc, The rate at which the stress a:inlitude in the specimen is
increased during each cycle is known as the Prot rate. A large variety
of T'rot rates was made available by the Prot attachment described above,

2.5 SHOT-PE:NING
EQUTPLLNT

A commercially available shot-peening unit was purchased. To the
basic unit were added a fixture to position and hold the blast nozzle,
and a mechanism to rotate and translafe the specimen through the shot
blast. Tiiis specimen transvort unit is shovn in Figure 2-6. An overall
view of the shot-peening facility is shown in Figure 2-7, All shot-
pecned specinens were prepared with this svecial shot-peenin; facility,

2.6 COLD-ROLLING
EQUI PYENT '

A special cold-rolling fixture to cold-roll tne test sections of
fatigue speci.icns was designed and constricted, As shown schematically
in Fijgure 2-), this [ixture was basically a frame which spring-loaded
three toroical rollers acainst the test section of a fatigue specien.
Figure 2-9 is a photograph of this fixlurc., The cold-rollin: apparatus
was mounted on the saddle of a large lalun so that the specimen could be
rotated between luthe centors while the celd-rolling fixture was trans-
lated by the lathe carriage. The load on the rollers was controlled by
a calibrated spring, Lxtreme pressur lubricant was supplied to the
specimen-roller contact area durin- the entire rollin;g process,

2.7 WIRL FATTGUE-
TLETING tACHIMES

Commereial wire fallzue-testin: machines were used in the wire
testing; nnase ol the project. T.cse machines, mannfactured by the Krouse
Testing Machine Cemrany, uvsed the princinlc of a rotating column to
provide cyclic stresscs in a virc, These wire fatijuc-testing machines
werc us~d siitheut modiiication,
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SECTION IIT

EXPERIMENTAL TESTING PROGRAM

3.1 INTRODUCTION

'
For the purpose of clarity and conciseness in reporting results,

the testing program was divided into nine separate tests, ZHach of
these tests is described briefly below. The results and conclusions
from each test are presented in Sectien IV, N

3.2 TEST 1--LONG-RUNNING
FRETTING TESTS

This test involved an exploratory investigation of the cffectiveness
of various surface treatments, such as shot-pecning or cold-rolling, in

Tretting-fatigue damage ol Ti-1LO-A titanium alloy. These tests were
conducted under conditions of mild, mediwm, and severe fretting for several
millions of cycles of fretting. The results of this test arc discussed

n L.2,

3.3 TEST 2--INVESTIGATION
OF PROT RELATIONSHIP
FOR Ti-1LO-A TITANIUM

The purpose of this test was to establish the relationship between
Prot failure stress and Prot loading rate for Ti-lhO-A titanium material,

The tests involved Tour different Prot rates and the results were
validated by statistical up and down testing to verify the value of
endurance limit determined from the Prot data., The results of this test
arc discusscd in l.3. ‘

3.4 TEST 3-~COMPARISON OF
ENDUUANCE LIMITS OF TWO
HEATS OF Ti-140-A TITANIUM
VATERIAL

The purpose of this test was to perform a statistically significant
comparison betiween the simple endurance limits ol two aifferent heats of

Ti-10L0-A titanium alloy with tne same nominal composition. Thc results
of this test are discussed in li.le

3.5 TEST L4--COLLZCTION
OF SUPPLL.ENTARY DATA

The purpose of this test was to provide statistically significant
endurancc limit data for Ti-lLO-A titanium specimens under four diiferent

test conaitions: (1) polisned Ti-1LO-A specimens subjected to no Iretting,

(2) polishied TI-1L0-A specimens subjected to severc fretting, (3) severcly

siiob=peened Ti-140-A specimens subjected to severc fretting, and (L) scverely

colié-rolled Ti-120-A specimens subjected to severe fretting. The results
of this test are discussed in L-5,
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3.6 TEST 5—EFFECT OF
CYCLIC FRETTING FREQUENCY

The purnose of this test was to determine what effect, if any, the
cyclic frequency of fretting has on the endurance limit ol fretted Ti-
TI,0=K specimens, Tests were conducted over a speed rangz ol 100 rpm
to 7000 rpm under severe fretting conditions. The results of this test

are discussed in L.6.

3.7 TEST 6--STUDY OF
MECHANISY OF FRETTING
INHIBITION BY SURFACE
TREATMENT

The purposc of this test was to study the basic mechanism by which
surface treatmcnts, such as shot-peening and cold-rolling, tend to
inhibit Iretiing-fatigue failure., This study involved a microscopic
and macroscopic examination of specimens previously subject to various
combinations of surface treatment and fretting. The results of this

test are discussed in Uo.7.

3.8 TEST 7--DESIGN OF
WIRE FRETTING MACHINE

The ourvose of this phase of the research was to design, construct,
and proof test a machine to subject wire spccimens to controlled Iretting
in either ol two mutually perpendicular directions. One direction was to
be parallel to the wire axis and the other was to be in the circumferential

direction., This test is discussed in L.8.

3.9 TEST 8-¥IRE FRETTING-
FATIGUE TESTS

The purpose of this test was to perform fretting tests on wire
specimens to compare the effects ol fretting in the axial dircction
with Irefting in the circumferential direction. Such information would
provide data useful in cveluating the relative contributions of the pit-
digging action and the asperity-contact action to the total Iretting
damage. Fretting damage was to be measured by reduction in endurance
limit as determined statistically using up and cown test methods, This

test is discussed in L.9.

3.10 TEST 9—EXPLORATORY
ANALYSIS OF FRETTING-
FATIGUE PHENO} NON

The pursose of this test was to maintain an wp-to-date literature
file on f{retting-fatigue and asscciated pnenomena, and to exolore the
possibility ol developing a fretting-lfatigue cesizn cquation. The
resvlts ol this investigation are discussed in L-10.

-1 -
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SECTION IV

RESULTS AND CONCLUSIONS

L.l INTRODUCTION

For the purpose of orderly performance and clarity in reporting,
the research program was divided into nine separate parts as described
in Section III. The detailed results of cach test are discussed in
the following paragraphs and pertinent conclusions are presented,

L.,2 TEST 1--LONG-RUNNING
FRETTING TESTS _

Exploration of the effectiveness of surface treatment in controlling
fretting damage was of primary importance in this investigation. Former
studies™ had indicated that shot-peening and cold-rolling titanium
specimens pricr to application of 100,000 cycles of fretting greatly
improved the fatipgue cncdurance propertics oi the fretted materials,

Test 1 was designed to provide similar information for much larger

numoers ol fretting cycles,

Two types of surface treatucents were used —- shot-peening and cold-
rolling, After the surface trecatment, each specimen was subjected to a
rnild, medium, or severe fretting treatment for several million cycles,
The details of the shot-peening treatments, cold-rolling treatments, and
fretting treatments are shown in Tables B-1l, B-2 and B-3 of Appendix B,

During the fretting process each test specimen was treated in one
of two different ways, Either it was disassembled from the shoe, cleaned,
measurcd, and weished cach 500,000 cycles of fretting, or it was permitted
to run the cntire snecified test time without disassembly.

Firures -1 through L-10 and Table B-lL of Appendix B show the trend
appears to be uniform. Tor botn weight loss and diameter change, the
tendency is to a very low rate ol chanpge for the first one to two million
crecles followed by an abrupt upswing in the rate afver this carly period,
This abruot upturn seems to occur when the notions betireen shoe and
specimen become so large that cebris is loot ané the nrocess degenerates
into galling and severe wear action., It 1s interesting to note that in
many cases the fretting shoes actually decrcas. in internal diameter,
which mcans that retal transfer must occur from specimen to shoe,

lo illustrate the relative severity of fretting action, Tables L-1
and L-2 present snecimen weight loss and diaacter change data for various
corbinations of surface treatment and {rctting action aftor one and one-
half millien cycles of fretting., Both the cctimated arithmetic mean and
estimated unbiased standard deviation are presented for each sct of

conditions used,

* See Ref. 26




Table Lh-1 Summary of Titanium Specimen Weight Loss
Data After 1,5 ifillion Fretting Cycles

Surface Degree of Mean Weight Unbiased
Treatment Fretting Loss, gram Standard
Deviation
Severely Shot-Peened Mild . ,0055 00332
Severcly Cold-Rolled Medium - .0075 .00L3L
Severely Shot-Peened Medium .0106 .06420
Severely Cold-Rolled Severe ,0175 .00L9L
Severely Shot-Peencd Severe 20349 .00923

Table Lj-2 Suvmmary of Titanium Specimen Diamcter
Loss Data After 1,5 kill“on Fretting Cycles

Surface Degree of Mlean Diam, Unbiased
Treatment Fretting Loss, inch Standard
Deviation
Severcly Cold-Rolled Medium 00021 .00021L
Severely Cold-Rolled Severe .0002L .000133
Severely Shot-Peened Mild .,00133 000922
Severely Shot-Pecned ledium .00202 .00124L8
Severely Shot-Peened Severe »00559 .000522

Figures L-1l throu-~h L-22 and Table B-5 of Appendix B show weight
loss and diameter chianze data for specimens cleared of debris each
500,000 cycles cormpared with specimens not cleared of debris throughout
the test, A summary of these data is iven in Tables -3 and L-L shovring
the mean and standard deviation for clcared and uncleared specimens after
one and one-half million cycles of fretting,

-~
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Table lL~3. Weight Loss ol Severely Shot-Peecned Titenium

S Specimens after 1.5 i%illion Cycles of Fretting.

Comparison of Specimens Cleared of Debris Each
500,000 Cycles with Specimens not Cleared during
Entire Test

Degree of Mean Weight Loss, gm, Unbiased Standard Deviation
Tretting Cleared Not Cleared Cleared Hot Cleared
Mild .0055 .0022 ,00332 00092
Medium .0106 .00732 L0642 .00561
Severe .0349 .022 .00923 .01506

Table l-L, Diamcter Loss of Sevorely Shot-Peened Titanium
Spccimens after 1.5 [Hdllion Cycles of Fretting.
Comparison of S .ccimciis Cleared ol Debris Fach
500,000 Cycles with Snecimens not Cleared during
Entire Test

Degrec of }Yean Diameter Loss Unbiased Standard Deviation
Fretting Cleared Not Cleared Cleared Not Cleared
Mild .00133 .0000273 .000922 .000339
Medium .00202 .00180 .001248 .001575
Severe .00559 .0043 000522 .00239

Frox these data, it is intercsting to observe that both diamcter
chan res and weight losses are more scvere waeon the specimens are cleaned
periodically than when the debris is noi cleared during the entire teste
This weuld scem te indicatc that the accumulated debris provides a cushion
vinich slows the fretting action.

Ficure =23 shows the relative endurance limits of snecimens
suwojezted to various combinations of surface prenaration and fretting
for scveral millicns of cycles, Several imnortant observations may
be made frowm these data,

It may be noted that swvecimens subjec! ed to severe shot-pecenin:
tend to cxnibit a decreasing endurance limit with increased scverity of

Lfretting,
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It may be noted that specimens cleared of debris each 500,000
cycles do not show a marked difference in endurance limit from specimens
not cleared of debris during an entire test., The amount of scatter for
specinmens cleared of debris seems to be somewhat greater than for specimens

not so cleared,

The endurance limit of severely cold-rolled specimens is little
affected by fretting,. and the scatter is relatively low. This important
result, is also supplemented by Figures L~l, L4-3, -5, and L4-7 all of
which tend to indicate that weight loss and diameter loss of severely
cold-rolled specimens seem to be noticeably less than for shot-peened

specimens,

The important general conclusion to be drawn from this exploratory
test series is that, while severe shot-pecning is an effective fretting-
fatigue inhibitor, scvere cold-rolling is a better method of inhibiting
both fretting wear and fretting-fatigue from the standpoint of maintaining
a high mean endureance limit with 2 snall amount of scatter for fretting
situations invelving several million cycles. This conclusion, of course,
is based on a relatively small samnle size and must be interprcted with
care. Neverthcless, Figure L-23 presents a strong casc for such a
conclusion,

.3 TEST 2--INVESTIGATION
OF PROT RELATIONSHIP
FOR Ti-1LO-A TITANIUM

To determine the endurance limit of a specimen by the Prot method,
it is necessary to know the Prot rate (ratc of stress increase per cycle),
the Prot failure struss, and the functicnal relationship between Prot
rate and Prct failure stress for any narticular material. It is then
possible to calculatc the fatizue endurance limit for cach specimen,
Tor steel the functional relationship between Prot rate and Prot failurc
stress has becn cstablished, but for titanium it has not.

Test No. 2 had as its objective the determination of a rclationship
between Prot rate and Prot failure stress for Ti-1L0-A titanium alloy.
Four different Prot rates were used to establish this relationship.
These were 0.0025 psi per cycle, 0.0l psi per cycle, 0.,0L4 psi per cycle,
and 0,09 msi por cycle. The results of these date arc tabulated in
Table B~6 of Appendix B.

Fimure L-2Q displays the data from the Prot evaluation test. Sixty
specimens were tested to provide an accurate relationship betwcen Prot
rate and Prot failure stress. This relationship is determined by drawing
the line of least squares throu-h the data of Figure L-24. The intercept
of the least squares line with the 4/ ac = 0 axis gives the endurance
limit value of this material,

= @ =
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SURFACE TREATMENT & DEGREE OF FRETTING

SPECIMEN CLEARED OF DEBRIS EVERY 500,000 CYCLES
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o

COMPARISON OF ENDURANCE LIMITS OF TI 140-A TITANIUM

FIGURE 4-23

SPECIMENS SUBJECTED TO VARIOUS COMBINATIONS OF

SURFACE PREPARATION AND FRETTING
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For the Prot method of testinz, the endurance limit of the Ti-1L0-A
alloy used was found to be §2,600 psi.

To validate the Prot method of testing, a standard up-and-down test
was pcriormed on the same material, The results of this test are
tabulated in Table B-7 of Appendix B and shown graphically in Figure
L-25. Using the usual method of analysis® for determining 95% confidence
limits on the mean endurance limit and the standard deviation, it was
found that the mean for the material was 83,200 psi and the standard
deviation was 179C psi. Thus, the up and down test checkcd the Prot
method very closeiy and thc Prot method is valid for the Ti-1L0O-A
titanium alloy used In this vroject.

Lholi TEST 3-~COMPARISON OF
ENDU ‘AMCE TIISITS OF TWO
HEATS OF Ti-1L0-A TITANIUM
MATE TAL

Specimens for the re'.earch program were made from titanium material
taken from two different ncats of Ti-li0-A alloy., To compare the endurance
oroperties of the two heats, a Prot test was performed on polished, non.
fretted, titanium specimens taken from cach heat., Thirty specimens were
tested from cach hcat to make this comparison,

The resulting data are presented in Tables B-8 and B-$ of Appendix
B. The two heats are compared gra.hically in Figure L-26. From these
data it may be calculatcd that the estimated mean endurance limit for the
first heat is 79,000 psi with a standard deviation of 3230 psi compared
to an estimated :mcan of 85,900 psi with a standard deviation of 3860
for thec second heat.

The mecans of the two heats are significantly different at the
.05 si_niiicance level and when data are compared between hecats these
differences must be taken into account. It should be noted that all
specimens from the first heat have been designated by a letter and a
number, e.y., A-l, while all specimens from tho second heat have been
designated by a number 1, a letter, and a numbor, e.g., 1A-l, This
method of specimen identification makes it easy to distinguish between
specimens from the two different heats., Chcemical analyses and nominal
physical propcrtics are shown in Table B-10 of Appendix B for each heat,

L.,5 TEST L--COLLTCTION
OF SUP/LEI™NTORY DATA

Fretting-fatigue researth programs**have Leen performed in which the
effects of various surface trcatucnts on fretting-fatigue damage were
explored., These investizations consisted of subjecting specimens to
surface treatments such as shot-pecning or cold-rolling, anc then to
various degreecs of Iretting damarge,

* "Proceedings Statical Methods in Materials Research", Peansylvania State
University.' Edited by Donald E. Hardenbergh., 1956,
#* See reference 1
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Fifteen specimens were fretted at most frequencies with samples of fiwve
fretted at the remaining test frequencies,

The results of these tests are shown in Table B-15 of Appendix B
and are depicted graphically in Figure L-28., These results are most
interesting. It appears from Figure L-28 that the endurance limit is
definitely a function of fretting speed, 1In fact, both the mean
endurance limit and the scatter appear to be affected by changes in

fretting frequency.

Table lj~6 Summary of Data for Polished, Severely
.Fretted Specimens Fretted at Various

Speeds,

Fretting Ho, of Mean Endurance Standard
Speed, Specimens Limit, psi Deviation,
gl psi

100 15 79,850 2,960
500 5 79,900 6,070
750 5 76,040 7,670
1000 ) 76,38L0 16,240
1600 15 63,110 17,136
3000 _ 15 60,330 15,Lh0
L00Oo 15 49,810 17,012
5500 15 63,460 22,790
7200 15 67,060 10,940

Employing F-tests and t~tcsts at the .05 level of significance to
compare the standard deviations and meas,one may conclude that fretting
specd has a definite effect on endurance limit of these titanium specimens,
Further, it may be postulated that at spceds above 7200 rpm the fretting
condition may be much less severe than in the 1000-7000 rpm rangc.
Unfortunately, time and equipment limitations prevented further investiga-
tions at higher specds., The problem of speed cffect on fretting invites
further study and might yield important and useful design information.

ko7 TLST 6--STUDY OF LVECHANISM
OF FRETTING INHIBITICH BY
SURFACT TRFATIZNT

During; the course of this exploratory test, the original 'wurposc of
studying thc mechanism of fretting inhibition by surface treatment has
veen broadened to a basic study of the fundamental fretting mechanisn,
The exploration tock two general paths, one macroscopic and the other

microscopic,
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